Multiple surface plasmon resonances are experimentally observed for p-polarized as well as s-polarized incident light at the planar interface of a metal and a chiral sculptured thin film. These experimental results confirm that four surface plasmon resonances can be supported at the interface of metal-chiral sculptured thin film. Multiple surface plasmon resonances may allow for multiple simultaneous measurements by devices that utilize surface plasmon resonance for detection. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
Surface plasmon resonance (SPR) is the quantum oscillation of charges guided by the planar interface of a metal and dielectric material. The quantum is called a surface plasmon polariton (SPP), and resonance occurs when energy from photons in a dielectric material is transferred to collective oscillations, called plasmons, of free electrons guided by the metal/dielectric interface. [1] [2] [3] SPR has been extensively studied, [3] [4] [5] particularly for sensing chemical and biochemical species. Typically, SPPs are excited at noble metal/homogeneous dielectric material interfaces and can be observed only for the parallel polarization of the incident laser beam, p-polarization (the direction of the polarization lies in the plane of incidence). 3 Recent theoretical studies [6] [7] [8] [9] have shown that by replacing the homogeneous dielectric material by a linear, anisotropic dielectric material, more than one SPP wave can be launched, and in the same film SPP waves can also be observed for spolarization of the incident laser beam (the direction of the polarization is perpendicular to the plane of incidence). 6, 7 The theoretical basis for the excitation of multiple SPR and excitation by s-polarization is explained by Faryad and Lakhtakia. 10 Although these SPP waves propagate with the same frequency, they have different phase speeds, polariza-0091-3286/2010/$25.00 C 2010 SPIE tion states, attenuation rates, and field distributions. Multiple SPP waves in a chiral sculptured thin film (CSTF) have been experimentally observed for p-polarized incident light. 11 We report the experimental observation of multiple SPR guided by a metal and a chiral sculptured thin film (metal/CSTF) interface, providing experimental confirmation of the theoretical predictions of Motyka, Polo, and Lakhtakia. [6] [7] [8] [9] 2 Experimental Procedure To fabricate the metal/CSTF interfaces, magnesium fluoride CSTFs were deposited on borosilicate glass slides that had been previously coated with a gold film. The gold films were deposited by sputtering gold in argon plasma at 5 mTorr. Prior to sputtering, the chamber had been pumped to a base preasure of ∼10 − 6 Torr. Film thickness was monitored in situ by a quartz crystal monitor, and deposition was carried out until the thickness of the gold film reached ∼31 nm. Magnesium fluoride (MgF 2 ) was then thermally evaporated at base pressures between 1-and 3-μTorr with a current of ∼125 A being passed through a 12 × 44 mm dimpled tungsten boat.
The chiral morphology was produced by fixing the substrates at an oblique angle measured between the substrates' surfaces and the average direction of the vapor flux generated at the thermal source. We designate this angle as χ v or the vapor flux angle, as shown schematically in Fig. 1 .
For all depositions, χ v was fixed at 15 deg. The CSTFs were either two or three periods, each period being 400 nm in thickness. The substrates were then slowly rotated by a computer controlled stepper motor about an axis along the substrate's normal while maintaining a constant deposition rate as indicated by a quartz crystal monitor. To maintain a stable vapor flux, a low deposition rate of 0.4 nm s −1 was required. To allow for this low deposition rate and desired 400 nm pitch, the rotation about the surface normal was broken up into 20 steps of 18 deg with a 50-s pause between each successive step. This combination of deposition rate and substrate motion gave smooth helical film morphology to the MgF 2 layer and a pitch of ∼400 nm. Multiple periods were produced by continuing the deposition while several rotations occurred, with approximately 17 min elapsing between each full rotation. Once the desired number of periods were deposited, the source was shuttered and the sample was allowed to cool under vacuum for an hour before being removed. Figure 2 shows a cross sectional SEM of a typical sample.
Surface plasmons occur at the interface of two different materials, usually one with a positive dielectric constant and one with a negative dielectric constant. This can be achieved with a prism in optical contact with a thin metal layer. A key condition that allows for the propagation of surface plasmons is that the real part of the dielectric permittivity of the metal must be negative. This condition is met by noble metals, silver and gold for example. An important property of surface plasmons is that their k-vector is greater than that of light at the same frequency. To couple the surface plasmons, the parallel component of the incident k-vector must be greater than the free-space k-vector. A surface plasmon is excited when the beam is impinging on the interface at a well-defined angle determined by the optical parameters of the film. This is observed by a characteristic dip in the inten- sity of the reflected light. 12, 13 The glass slide was attached with its uncoated side to a BK-7 prism with a refractive index of 1.514 for a 632.8-nm wavelength.
Immersion oil (Olympus, Center Valley, Pennsylvania) of the same refractive index was used to make optical contact between the prism and the glass substrate on which the metal/CSTF interface was created. The prism with the sample was mounted on a Sigma Koki (Hidaka City, Japan) turntable, which provides a precision of 1 arc min. A polarized He-Ne laser beam (5 mW, λ = 632.8 nm) was focused onto the interface between the glass and the metal film by a lens of focal length 10 cm after passing through a linear polarizer. The power of the beam incident on the prism was 3.6 mW. The power of the reflected light was measured using a Newport (Irvine, California) photodetector as a function of the angle of incidence. A schematic diagram of the experimental setup is shown in Fig. 3 .
Results and Discussion
A series of experiments were performed with samples of different CSTF thicknesses and a different number of periods. The results showed that in all CSTF samples, SPR are observed for both polarizations of the impinging laser beam. Figures 4(a) and 4(b) show the overall reflectance versus the angle of incidence on the metal/CSTF bilayer for two and three periods of CSTF, with s-and p-polarized incident laser beams, respectively. The results presented are for CSTFs of thicknesses ∼800 and ∼1200 nm. Multiple resonances are evident as indicated by the dips in the reflectance. These dips in the reflectance may also be caused by the waveguide modes excited in the CSTF. Since the waveguide resonances involve the bulk of the CSTF, their angular locations would depend on the thickness of the CSTF. However, there are two sharp dips in both Fig. 4 (a) (labeled 1 at ∼45 deg and 2 at ∼63 deg) and Fig. 4(b) (labeled 3 at ∼50 deg and 4 at ∼57 deg) that could be considered as independent of the number of periods of CSTF, i.e., the thickness of the film. These dips indicate the launch of four different SPR, two for s-polarized incident light and two for p-polarized incident light. The experimental observation of multiple SPR therefore confirms the theoretical predictions. [6] [7] [8] [9] Comments on the angular location and width of SPR dips are discussed by Polo and Lakhtakia. 6 These resonant phenomenon could be used for sensing purposes such as detecting biomolecules of interest for water safety. 
Conclusion
Our experimental results confirm that more than one SPP wave of the same frequency but different phase speed can be supported by the planar interface of a metal and chiral sculptured thin film. Multiple SPR may have a significant impact on many sensing, imaging, and plasmon communication technologies. 
